This study proposes a method for designing the bottom slabs of composite caisson breakwaters considering the unevenness of rubble mound surfaces. Based on the results of large-scale model tests, we developed a stochastic model to represent the distributions of reactions acting on the bottom slabs of caissons. We then conducted reliability analyses on the model to calculate the bending failure probabilities of the bottom slabs with respect to the mound unevenness. We also evaluated the partial factors to be used in designing the bottom slabs of caissons at various degrees of mound unevenness.
INTRODUCTION
The most widely used type of breakwater in Japan is the caisson breakwater where reinforced concrete caissons are installed on rubble mounds. In construction of the mounds, whose allowance of unevenness is set at 0.05 m 1) , divers carefully level off the rubble to prevent excessive load concentration on particular points of the caisson bottom slabs. The current design method 2) does not take the irregularities of rubble mound surfaces into consideration and assumes that smooth rubble mound surfaces apply linearly distributed loads to caisson bottom slabs. In recent years, however, due to the shortage and advanced age of divers, the danger of diving work, and the necessity to reduce construction costs, it is required to loosen the allowance of mound unevenness and improve the efficiency of rubble mound construction.
If the allowance of rubble mound unevenness is loosened, uneven and concentrated contact loads will act on caisson bottom slabs, and the bending moments on the bottom slabs will increase. Miyata et al. 3) performed a large-scale model loading test using a rubble mound identical to the one used for actual port construction, dividing the caisson bottom surface into 625 load cells with a size of 0.10 m X 0.10 m to measure loads on each cell. They found that the load is supported discretely and that the reaction distributions of bottom slabs are completely different from linear load distributions, which is assumed in the current design method. It should be noted that the reaction distributions are entirely different from those assumed in the current method even at an allowance of unevenness of 0.05 m. The result implies that the current design method makes evaluations on the un-conservative side, as far as the reaction distributions of bottom slabs are concerned. We thus need to quantitatively evaluate the safety margin given by the current design method when developing a design method of caisson bottom slabs conforming to the allowance of mound unevenness.
This study develops a design method in accordance with the allowance of unevenness. Based on the results of large-scale model tests, we developed a stochastic model to represent the distributions of the reactions acting on caisson bottom slabs, performing a Monte Carlo simulation on the model to calculate the probability distributions of the bending moments of caisson bottom slabs with respect to the mound unevenness. We then conducted reliability analyses to evaluate the safety levels given by the current design method. By comparing the failure probabilities of bottom slabs with those of the external stabilities against sliding, overturning, and foundation failures, we reviewed the validity of the safety levels of the bottom slabs specified in the current design method. After setting a target safety level, we evaluated partial factors at various degrees of unevenness so that the target safety level is maintained against variations in unevenness. Although we discuss the partial factors method in this paper, it should be noted that the method is not the only method for reliability-based design. However, at present we think that partial factors method is highly applicable to the practical design.
MODEL FOR CALCULATING REACTION DISTRIBUTIONS CONSIDERING MOUND UNEVENNESS
(1) General description of large-scale loading tests on rubble mounds In order to determine the parameters of a model for calculating section forces considering mound unevenness, we need to conduct a large-scale loading test using a rubble mound identical to the one used for actual port construction and to measure the height distributions of the rubble mound, the number of contact points with the caisson, and the contact forces at the contact points. Miyata et al.
3) performed loading tests using diver-leveled mounds. The obtained maximum standard deviation of the heights of mounds after leveling was 0.05 m, which is too small to evaluate a possible allowance of unevenness of 0.30 m. In this study, we hence had ordinary workers prepare additional mounds whose unevenness ranged from 0.10 m to 0.30 m and conducted loading tests. The rubble, loading blocks (loading area = 2.5 m X 2.5 m, height = 1.0 m, made of concrete), and test method used for our tests were identical to those used by Miyata et al. 3) . Contact loads were measured by 625 load cells with a size of 0.10 m X 0.10 m. The height of mounds were also measured by the staff with a plate of a size of 0.10 m X 0.10 m. The points where loads measured correspond to the points where heights measured. Table 1 illustrates the test cases and the height characteristics of the mounds.
Cases 1 -6 shown in Table 1 are the cases tested by Miyata et al. 3) , and Cases 7 -10 are the additional cases for this study. Fig. 1 shows the height distributions of rubble mounds in the additional cases. From the figure, at an allowance of unevenness of 0.10 m (Cases 7 and 10), the surfaces were uneven and the height distributions were similar to the diver-leveled surfaces reported by Miyata et al. 3) . At allowance of unevenness of 0.20 m and 0.30 m, on the other hand, the height distributions showed patterns with large concave portions in the centers. This occurs because the mound leveling was intentionally made so that the support points were placed near the four corners to give stability to the loading blocks. 3) , the number of contact points were apparently smaller. The loads shared by each contact point became larger because the number of contact points were reduced. By comparing the height distribution and the contact load distribution, we found that many contact points existed at places where heights before loading were high as in Cases 1-6. As for places where heights before loading were low, the numbers of contact points did not increase even under the action of a vertical stress (532 kPa) caused by a design wave pressure. The results above were the same as those in Cases 1 -6. We can thus conclude that the caissons are discretely supported by mounds independently of the amount of mound unevenness, and the degrees of discreteness change in accordance with the amount of mound unevenness.
(2) Model for calculating reaction distributions Fig. 3 shows the flowchart used for developing a model for calculating reaction distributions considering mound unevenness. We hereafter used the results of Cases 1 -6 except for the evaluation of height distribution characteristic for cases of large mound unevenness because mound leveling of Cases 7 -10 were intentionally made considering the stability of loading blocks as described above. a) Assignment of heights Miyata et al. 3) studied the height distributions of the crown surfaces of mounds. There is also a report on breakwater mounds actually measured at Onahama Port 4) . In the measurement at Onahama Port, 3 kinds of leveling methods were used for mound construction: final leveling by divers (allowance of unevenness = 0.05 m), rough leveling by divers (allowance of unevenness = 0.30 m), and mechanical leveling. The heights of mound crowns were then measured. It became clear from the results that height distribution by each leveling method gives a normal distribution. The same conclusion was derived from the test results of Cases 1 -6 performed by Miyata et al. 3) . The height distributions of the additional cases (Cases 7 -10) are shown in Fig. 4 . They also form nearly normal distributions. Assuming that height distributions are normal, it is convenient to express the degree of unevenness by the standard deviations of heights rather than by the allowance of unevenness. We defined the relationships between the allowances of unevenness and the standard deviations of heights as shown in Table 2 , setting the standard deviations of heights at about 1/3 of the corresponding allowances of unevenness. The reason of the setting of <1.0% no contact standard deviations is that probability of exceedence to mean plus 3 times standard deviation becomes very low (lower than 0.15%) for normal distribution. As shown in Table 1 , there were cases whose standard deviations were larger than 1/3 of the allowance of unevenness, however, it should be noted that points with large deviations were mainly observed at concave points. As will be discussed later on, contact loads will be assigned at convex points in the model, which indicates that setting of standard deviation described above is not a problem. As shown in Table  2 , the allowance of unevenness next to 0.05 m is currently set at 0.20 m, because mounds leveled at an unevenness of 0.05 m actually have an unevenness of about 0.10 m as shown in Table 1 . Considering that the maximum length of crushed stones used for rubble mounds is about 0.80 m, an unevenness of about 0.10 m is thought to be unavoidable.
We made the assumption that the spatial autocorrelation coefficient between heights R was expressed by the following equation:
where l designates a distance between two arbitrary points, and L designates a distance representing a degree of spatial autocorrelation. The distance L estimated by the comparison with the results of Cases 1 to 6, where divers actually arranged rubble, was 0.20 m. Fig. 5 shows the autocorrelation coefficients obtained from the test results and the correlation coefficients calculated from Equation (1) setting L at 0.20 m, both plotted with respect to l. Cases 1 -6 correspond to the test cases shown in Table 1 . Based on the spatial autocorrelations expressed by Equation (1) and on the normal distributions having the standard deviations in accordance with the amounts of unevenness as shown in Table 2 , we assigned heights to each lattice.
b) Determination of contact points
We determined the relationship between the probabilities of contact and heights so that the numbers of contact points obtained from the test results agreed with those of the model. Fig. 6 shows the relationship between the standard deviations of heights z and the nondimensionalized contact points N a (ratio of the numbers of contact points to the number of all points) obtained from all the test results. It became evident that the number of contact points decrease with increase in the standard deviations of heights. It should be noted that the calm condition (vertical stress of about 200 kPa) gave smaller probabilities of contact than the wave-acting condition (vertical stress of about 600 kPa), because the total loading levels under the former condition were lower than those under the latter condition. The curves in the figure are approximated by the method of least squares. The approximate expressions for the wave-acting condition and the calm condition are given by Equations shown in the Fig. 6 . One of the reasons that we applied exponential regression equations was that they fitted the data better than other equations such as linear regression equations. The other reason was that nondimensioanalized contact points should be positive irrespective of the standard deviations of the heights. The correlation coefficients R 2 were 0.21 and 0.35, respectively, for the former and the latter conditions. Although the correlation coefficients were comparatively small, it was necessary to determine the number of contact points in accordance with the standard deviation of heights. Therefore, we used the equations for the determination of the number of contact points.
The next step was to determine the lattice points at which the caisson bottom slab actually contacted the rubble mound. The test results indicate that the probability of contact at a lattice point increased with increase in height. Fig. 7 shows the relationship between the height from the highest point z and the probability of contact at the lattice point p c (z). The figure illustrates the results of Cases 7 to 10 whose amounts of unevenness were large. Similar results were obtained from other Cases. It became obvious that the probabilities of contact increased with increase in initial height, decreased with increase in depth, and became zero at a certain depths. We assumed that the decreasing tendency of the probability of contact p c (z) had a form of the exponential function expressed by the equation below, where z designates a height from the highest point (m), and A, B, and C constants.
Using this model, we calculated the number of contact points and determined the values of A, B, and C giving the same numbers of contact points as those obtained from the test results. Table 3 shows the determined values. We determined the values of A, B, and C so that the numbers of contact points agreed with the test results obtained in the case of a standard deviation of 0.02m. As for the cases of standard deviations of 0.07 m and 0.10 m, we used the values of A and B in the case of a standard deviation of 0.02 m to determine the values of C only so that the numbers of contact points agreed with the test result. The ra- tios of the determined numbers of the model to the numbers obtained from the test results remained within a range of 0.94 to 1.02. This result led to the conclusion that the modeling was appropriate.
c) Assignment of contact loads
Analyzing the results of Cases 1 -6 where leveling was performed by divers, we obtained the relationship between heights before loading and contact point loads measured by load cells under the wave-acting condition as shown in Fig. 8. Fig. 9 shows the calculated average contact point loads. It became clear from the figure that the heights before loading and the contact point loads had little correlation. Although Fig. 8 and Fig. 9 show the data under the wave-acting condition, the data under the calm condition also showed little correlation between heights and contact point loads.
Since loading deforms mounds, it was expected that the distributions of heights before loading, those during loading, and those after loading differed from each other. Fig. 10 shows the relationship between heights before loading and those after loading in Case 1. It was clear from Fig. 10 that heights before loading have no correlation with those after loading. We expected that heights during loading and contact point loads had a correlation. But heights before loading and contact point loads had little correlation. The reason is that the deformation of mounds due to loading caused large differences between the distributions of heights before loading and those during loading. The difficulty in constructing a model representing the distributions of heights during loading necessitated using the distributions of heights before loading for our model. Therefore, we did not consider the relationship between heights and contact point loads.
We next assigned loads to the points contacting the caisson bottom slab. It had been experimentally proved that the probability density distributions of contact forces form approximately the same distribution of exponential decay type 3) . Defining a individual contact force normalized by the average value of all contact forces as a normalized contact force F NC , we assigned a contact point load to each contact point following the probability distribution of F NC values. Since the caisson bottom slab was divided into 0.10 m X 0.10 m squares in our model, the normalized contact force was defined as the contact load at each contacting lattice point divided by the average value of all contact loads.
We used the following probability density function P(F NC ) of normalized contact forces proposed by Radjia et al. 5) . 
P(F NC
The equations above have 4 parameters: A, B, , and . On the assumption that (1) the probability density function is continuous at F NC = 1.0, (2) the integrated value of the probability density function is 1.0, and (3) the expected value of F NC is 1.0, the remaining 3 parameters can be determined if one of the 4 parameters is established.
Here we experimentally established the parameter representing the shape of the tail of the probability distribution of large contact load areas. Using all normalized contact forces equal to or larger than 1.0 obtained in Cases 1 -6, where leveling was performed by divers, we applied the method of least squares to determine the parameter . The established value of was 0.57, which gave the results that A = B = 0.18 and = 0.74. Fig. 11 shows the probability densities of normalized contact forces obtained from the test results of Cases 1 -6 under the wave-acting condition corresponding to a pressure of 600 kPa and those from the model calculated under a condition of = 0.57. d) Area division and the setting of iteration numbers in determining bending moments The current design method divides a bottom slab into 9 areas as shown in Fig. 12 . Bar arrangement is set to be the same in each area. We divided the bottom slab in the same manner, defining each area as Area 1, Area 2, and Area 3.
Using the constructed reaction model and taking mound unevenness into consideration, the calculation of bending moments is possible through the use of the finite element method. Taking mound unevenness into account, the bending moments developed in the bottom slab vary greatly depending on the mound unevenness 3) , and therefore, the bending moments of the bottom slab should be treated probabilistically. We performed a Monte Carlo simulation based finite element analyses to calculate the probability distributions of the bending moments developed in each area of the bottom slab (Area1, Area2, Area3) considering mound unevenness.
We determined the iteration number used for the Monte Carlo simulation as described below. Fig. 13 illustrates the variations in the bending moments of the calculated results. The longitudinal axis represents the bending moment for an iteration number of i as M (i) nondimensionalized by the value M (5000) for an iteration number of 5000 with respect to the 95% fractile value of the maximum bending moment in an area. The reference iteration number of 5000 was determined as the number that the variation of the 95% fractile value of the maximum bending moment became very small. Calculation was performed in accordance with the test conditions. Average acting pressure was 600 kPa. Since the values of M (i)/M (5000) fell within about 1.0% error beyond an iteration number of 2000, we set the iteration number at 2000. e) Results of the calculation of the bending moments using the model When an equally distributed load acts on a bottom slab with clamped edges, the negative maximum bending moment is developed at the edge of Area 2(III-3 in Fig. 12) , and the positive maximum bending moment is developed at the center of Area 3(I-3 in Fig. 12) . Table 4 Comparison of the average maximum bending moments obtained from the test results with those calculated from the model showed that the average maximum bending moment of the negative moments developed in Area 2 were similar to the test results, indicating that the results calculated from the model well reproduced the test results. As for the positive moments developed in Area 3, the calculated moments were a little larger than the test results. At an allowance of unevenness of 0.05 m, the differences were about 15%. As shown by Miyata et al. 3) , the values of positive maximum bending moments depend largely on the acting positions of concentrated loads, and the maximum values vary greatly. This explains the differences in the positive bending moments. No further discussion is possible because the number of test cases were small. However, it should be noted that maximum bending moments by the test results corresponded to the probability of exceedence of larger than 1 % of the probability distribution by the model results. In addition, considering the relatively small differences obtained at an amount of unevenness of 0.05 m and the good agreement between the negative moments, we concluded that the model mostly gave appropriate results. 
CALCULATION OF PARTIAL FACTOR AGAINST ULTIMATE LIMIT STATE (1) Calculation of failure probability a) Performance function
The study of the bottom slab at an ultimate limit state is performed by checking whether the design value M u of the ultimate moment capacity is equal to or larger than the design value M d of the bending moment. When studying bending moments, we should take various loads into consideration in addition to the reactions to the bottom slab discussed above. Fig. 14 shows the loads acting on the bottom slab.
The performance function Z is therefore expressed by the following Equations:
where When the slenderness ratio of the bottom slab = L x /L y 1,
When the slenderness ratio of the bottom slab = L x /L y 1,
where L x , L y = lengths (m) of caisson bottom slab in the X-and Y-directions, respectively, X, Y = moment coefficients in the X-and Y-directions, respectively, at the target point, and q = target load intensity. Regarding the reactions to the bottom slab under the calm condition and the variation of bending moment due to the reaction to bottom slab caused by wave action applicable to cases where mound unevenness is considered, the loads are expressed by the aggregation of concentrated loads. Since the loads cannot be treated as linear distributions, we need to use the model described in the previous section for evaluation.
b) Reliability analysis
We conducted analyses to evaluate the failure probabilities of the ultimate limit state of loaded caisson bottom slabs, using FORM (First-Order Reliability Method) to calculate reliability indices of Hasofer-Lind 6) -type. When the performance function is a normal random variable, the relation between the failure probability p f and the reliability index is expressed by Equation (12).
where is a standard normal distribution function. The failure probability decreases with increase in reliability index.
c) Probability distributions of design parameters
Assuming that the random variables used for the reliability analysis have normal distributions except for the bending moments of the bottom slab, we used the bias of the average values of the random variables (ratio of average value to characteristic value) and the coefficient of variation V shown in Table 5 . A detailed description of the values in the table is found in the report by Nagao 7) . The evaluation of the probability distributions of bending moments due to the reactions to the bottom slab under the calm condition and variation of bending moment due to the reaction to bottom slab caused by wave action is described below.
(2) Study condition a) Study subjects
We chose 5 subjects of study from the breakwaters designed recently in the country, in accordance with Nagao 7) . Table 6 shows the design conditions of the subjects. B, H, and L designate width, height, and length of caissons, respectively. b) Probability distribution of the bending moments of the bottom slab Using the model for calculating the reaction distributions described above, we performed a Monte Carlo simulation to evaluate the probability distributions of bending moments due to the reactions to the bottom slab under the calm condition and the variation of bending moment due to the reaction to bottom slab caused by wave action. The average stresses ranged from 150 to 250 kPa for the calm condition, and from 250 to 400 kPa for the wave-acting condition. Fig. 15 and Fig. 16 show examples of estimated bending moments. The solid lines in the figures are the results of the application of logarithmic normal distributions, and the dotted lines normal distributions. Fig. 15 (a) and Fig. 15(b) show the evaluated results of bending moments at the center (I-3) and the edge (III-3), respectively, of the bottom slab at an unevenness of 0.05 m. Although the bending moments at the edge of the bottom slab took negative values, we used their absolute values to apply a logarithmic normal distribution to them. 16 (a) and Fig. 16(b) show the evaluated results of bending moments at the center (I-3) of the bottom slab at unevennesses of 0.20 m and 0.30 m, respectively. Examining the results together with those shown in Fig. 15 (a) , we found that highest-frequency bending moments have almost the same value independently with the unevenness and that the variations in bending moment increase with increase in unevenness. At large unevenness, bending moments have an asymmetrical distribution, which indicates that the logarithmic normal distribution is more adaptable to bending moments than the normal distribution.
c) Input values for calculating reliability indices
We conducted 2 tests on the applied normal distributions and logarithmic normal distributions, and used distributions with higher adaptability to bending moments for calculating reliability indices.
The current design method calculates the resultant of loads under each wave condition on the front of the breakwater (wave crest acting condition, wave trough acting condition, and calm condition) and each tide level (H.W.L.: mean monthly-highest water level and L.W.L.: mean monthly-lowest water level) to check the safety under the combined wave and tide conditions giving the maximum resultants. We therefore performed condition-by-condition calculations of reliability indices.
(3) Evaluation of reliability indices with respect to reinforcement contents Taking mound unevenness into account, we evaluated the reliability indices with respect to the reinforcement contents designed by using the current design method.
The positions of study were set at the upper and lower reinforcing bars of Areas 1, 2, and 3 (refer to Fig. 12 ) in each compartment perpendicular to the line of the breakwater. The directions of moments were set to the direction perpendicular to the alignment of the breakwater (X-direction) and that parallel to the alignment (Y-direction). Fig. 17 shows the maximum and minimum values of reliability indices for each Case. At unevennesses of 0.05 m, 0.20 m, and 0.30 m, the minimum reliability indices were 2.69, 2.10 and 1.88 respectively. Nagao 7) showed that the average reliability index of caisson breakwaters with respect to external stability (against sliding, overturning, and foundation failures) was 2.4. It became thus clear that the average bending failure probability of the bottom slab at an unevenness of 0.05 m calculated by using the current design method is lower than the average probability of sliding, overturning, and foundation failures. This result explains why none of the bottom slabs designed by the current design method have been reported to have failed regardless of the method's un-conservative side evaluation of the distributions of reactions to the bottom slabs. We therefore concluded that the current design method has an adequate safety margin, as far as compared with the safety levels of external stability.
(4) Determination of partial factors a) Partial factors versus reinforcement contents
The setting of partial factors at an ultimate limit state was performed considering mound unevenness as below.
To find the relationship between partial factors and the reinforcement contents, we evaluate the necessary reinforcement contents by changing the partial factors ( Ru , Rd , Ru and Rd ) in step of 0.1. Here, Ru and Rd are partial factors for the reactions to the bottom slab R under the calm condition, and Ru and Rd are factors for the variations of the reactions to the bottom slab R under the wave-acting condition. The design value of the resultant of loads was thus given by the following equation.
where A subscript u is added to the partial factors of the reactions acting in the same direction as q, and set target partial factors at a value not smaller than 1.0 so that the reactions to the bottom slab becomes larger than the characteristic value. Similarly, a subscript d is added to the partial factors of the reactions acting in the direction opposite to q, and set target partial factors at a value not larger than 1.0 so that the reactions to the bottom slab becomes smaller than the characteristic value. b) Determination of partial factors Taking mound unevenness into consideration, we set the target reliability index against the bending failures of the bottom slab at 2.4, which is the same as the average reliability index of the external stability of caisson breakwaters 7) . This means that the minimum reliability index of the bending failures of caisson breakwaters is set to be same as the average reliability index of the external stability of caisson breakwaters. One of the reason for this setting is that the magnitude of functional loss of breakwater caused by bottom slab failure is considered to be equivalent to that caused by external failure. The other reason for this setting is that the reconstruction costs due to bottom slab failures are equal to or less than those due to external failures 7) . We used the following procedure to calculate partial factors considering mound unevenness so that the reliability indices became equal to or larger than the target reliability index (2.4). We first evaluated reliability indices using the reinforcement contents calculated by changing partial factors in step of 0.1. We then determined the partial factors giving minimum reliability indices equal to or larger than the target safety index (2.4) where mound unevenness is taken into account. Table 7 
CONCLUSIONS
We studied the partial factors to be used in designing the caisson bottom slabs of breakwaters assuming that the allowance of rubble mound unevenness of breakwaters is loosened. The following are our major conclusions: (1) The results of the model loading tests using the rubble mound identical to the one used for actual port construction revealed that caissons are discretely supported by mounds up to an unevenness of 0.30 m. The degree of discreteness increases with increase in the degree of unevenness. (2) Developing the reaction distribution model to represent the caisson-support mechanisms of rubble mounds and using a Monte Carlo simulation to perform FEM analyses of the bottom slab, we determined the probability distributions of the bending moments acting on the bottom slab. As the allowance of the mound unevenness was loosened, the bending moments acting especially on the centers of the bottom slab became larger than those due to linearly distributed loading action. (3) Although the current design method evaluates the distribution model to represent reactions to the bottom slab on the un-conservative side, the bending failure probabilities of the bottom slab at an unevenness of 0.05 m by the current design method are smaller than the failure probabilities against sliding, overturning, and foundation failure, with an adequate margin. (4) Table 7 shows our proposed partial factors used in designing bottom slabs applicable to cases where the allowance of mound unevenness is loosened. In the proposal, the target reliability index is set at 2.4, which is the same value as the reliability index of caisson breakwaters with respect to external stability. 
